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First-order transition in the itinerant ferromagnet CoS ; ;S ;
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Undoped Co$is an isotropic itinerant ferromagnet with a continuous or nearly continuous phase transition
at Tc=122 K. In the doped CoSSe); system, the Curie temperature is loweredTig=90 K, and the
transition becomes clearly first order in nature. In particular we find a discontinuous evolution of the spin
dynamics as well as strong time relaxation in the ferromagnetic Bragg intensity and small-angle neutron
scattering in the vicinity of the ferromagnetic transition. In the ordered state the long-wavelength spin excita-
tions were found to be conventional ferromagnetic spin waves with negligible spin-wave<@ap4 meV),
indicating that this system is also an excellent isotrdpaft) ferromagnet. In a wide temperature range up to
0.9T, the spin-wave stiffnes®(T) follows the prediction of the two-magnon interaction thedpyT)
=D(0)(1—AT>?, with D(0)=131.7+2.8 meV A2. The stiffness, however, does not collapseTas T
from below. Instead a quasielastic central peak abruptly develops in the excitation spectrum, quite similar to
results found in the colossal magnetoresistance oxides sudaasaMnO;.
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. INTRODUCTION p* states is stronger in CoSéhan in C0$.*>1° Therefore,
_ - o partial substitution(doping of S by Se makes the, band
The pyrite-type transition-metal disulfid®ésS, (M=Fe,  wider (or increases the transfer integtah the ionic picturg,
Co, Ni, Cu, and Zpexhibit a wide variety of magnetic and resulting in a decrease of the density of states at the Fermi
electronic ground statés; ranging from a paramagnetic or level. To date, several experiments have been performed to
antiferromagnetic semiconductor in Re® NiS, to a super-  investigate the Se-doping effect>!’~1° They all report
conductor in Cu§ Among them, the metallic ferromagnet strong suppression of the ferromagnetic transition in the Se-
CoS, has attracted revived interest recently because of itsdoped Co($_,Sg), compoundsTc decreases rapidly as
unique electronic structure® Owing to a strong crystal field, increases, and the ferromagnetic phase disapp@ars() at
the Co 3l bands split into lowet,, and highere, bands. x=0.12. Interestingly, we have found that even for very
The Fermi level crosses theg band, resulting in fully occu- Small Se concentrationée.g., x=0.05) the ferromagnetic
pied t,q and quarter-fillece, bands. In an ionic picture, this trans!t!on becomes first order._ Field-induced metamagnetic
electronic configuration corresponds to the low-spin state offansitions were also reported in the Se-doped compotinds.
the C&* (3d) electrons, i.e.,tggeé (S=1/2). Thee, elec- The earlier studies are mainly aimed at investigating the

rons, which are the only source of magnetism in GoSe magnetic phase diagram using magnetization measurements.

also responsible for electron conduction through hybridiza-The effect of Se doping on the spin dynamics is totally un-

i ith antibondinao* stat isin f th i Y known to date. Therefore in the present study we have per-
1on with antibondingp™ states arising from the Sullur paffs. - ¢, jq neutron-scattering experiments on the Se-doped

Hence mutual interplay of electron transport and magnetlsngample Co($,Se), with x=0.05. We have confirmed the
X .05.

can be expe_ct_ed. ) _ ) first-order nature of the ferromagnetic transition B¢
CoS, exhibits ferromagnetic ordering at the Curie tem- _qq K ysing elastic neutron-scattering experiments. De-

peraturelc=122 K. The saturation moment is about Q6 ajled measurements of the magnetic excitation spectrum
per Co ator;? which is close to the full polarization of one were carried out in a wide temperature rangeTef92.5 K

&y electron (Jug). Indeed, recent optical and photoemission g an energy range &< 1.5 meV. A prominent feature is
spectroscopies indicate a nearlpr even fully spin- e aprypt development of a quasielastic central peak, ac-
polarizede, band,"™ suggesting COZSSS a candidate for the - . mpanjed by a decrease of conventional spin-wave-peak in-
so-called half-metallic ferromagn€t-“ The spin dynamics tensity, observed in the vicinity just beloWi. This suggests

of CoS, has been explored by two groups using neutrony,a; the ferromagnetic phase abruptly transforms to paramag-
scattering technique. lizumet al. showed that low-energy peiic fluctuations, instead of the continuous thermal popula-

spin Slesxcitation_s are conventional ferromagnetic - Spinon of spin waves that occurs in a second-order transition.
waves.” The spin-wave gap energy is negligible, indicating s pehavior is quite similar to ferromagnetic transitions in
that the system is isotropic, as expected f@-al/2 system ., |5ssal magnetoresistance manganites.

with one e, electron. In addition, the existence of Stoner
excitations has been inferred at higher energids (
>8 meV) by Hirakaet al,** evidencing the itinerant nature
of the ferromagnetism in Cg@S A polycrystalline sample of CoSSe, ; was prepared by

It is expected that the hybridization between tyeand  using a solid-state reaction technique. The starting materials,

Il. EXPERIMENT
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Co, S, and Se powders, were mixed in the calculated ratiozolume for the vertical direction, and for these sntabpin-
After mixing, they were ground, pressed into a pellet, sealedvave measurements, the instrumental resolution must be
in a vacuum quartz tube, and heated to 650 °C for a period diiken into account to deduce the spin-wave peak energy from
168 h. Subsequently, the resultant material was regroundhe experimentally obtained spectra. To accomplish this, we
pressed into pellet, and was heated for 150 h in a seale@erformed resolution-convoluted least-squares fits using a
vacuum quartz tube at 700 °C and 750 °C for the second an@odel scattering functio(Q,% w). As a modelS(Q, % w)

the third sintering, respectively. X-ray diffraction confirmed We assumed the following function comprising the quasielas-
that the sample is the single-phase pyrite structure. Resistific as well as the inelastic Lorentzian peaks:

ity measurements on the polycrystalline sample were taken

using a conventional four-probe technique with an excitation I4l'g Ir
current of 1 mA. S(Q/iw)*fiw[1+n(hw)] +
. . M+ho? T2+ (ho+Ey)?
All neutron-scattering experiments were performed at Na- q a
tional Institute of Standards and Technology Center for Neu- T
tron Research. A powder sample of GgSe, ; (about 12 ¢ t Y ———| D
was loaded in a Al cell with the sample-space size of 32 mm I+ (hw—Eg)

(heighd X 28 mm (width) X 6 mm (thicknes$. The small L
thickness is to reduce the effects of the strong neutron ag¥here[1+n(fw)] (=[1—exp(-fwlksT)] ,1) is the Bose
sorption of Co. The sample cell was then attached to a close§MPerature factor. Fd,, we used the dispersion relation
cycle refrigerator or #He cryostat. For small-angle neutron ©f conventional ferromaggenc spin waves without an aniso-
scattering(SANS) and forward direction inelastic-scattering OPY 9ap. i.e.Eq=D(T)q", whereD(T) is the spin-wave
experiments, air and vacuum chamber walls of cryostats iﬁuffness parameter. Error bqrs_ln this work are statistical and
the beam path can be possible sources for the backgrountfPresent one standard deviation.
Therefore, we used a large diameter vacuum chamber with
thin single-crystal Si windows to reduce the background. Ill. EXPERIMENTAL RESULTS

Elastic experiments were performed using the BT-7 triple-
axis spectrometer. A double-crystal monochromator with py-
rolytic graphite(PG) 002 reflections and a single-crystal PG~ We determined the ferromagnetic transition temperature
002 analyzer were used to fix the incident and outgoing neuef the x=0.05 sample by measuring the temperature depen-
trons to 13.46 meV. A PG filter was placed before the monodence of the magnetic Bragg intensity. In ferromagnets, the
chromator to reduce higher wavelength contaminations. Thenagnetic reflections appear at the sa@eositions as the
effective horizontal collimation before the sample was$,30 nuclear Bragg reflections, and for unpolarized neutrons, the
and 40 after the sample for the elastic experiments. Smallintensities add. We used the 111 reflection for this measure-
angle neutron-scattering data were obtained on the NG-ment, where the nuclear intensity is weak and thus the rela-
30-m SANS spectrometer, where the incident neutron wavetive magnetic signal should be optimal. For a first-order tran-
length was chosen as 10 or 14 A, and the detector positiosition it is crucial to perform temperature scans in a well-
was 8 m. controlled manner; in particular, heating and cooling scans

Inelastic experiments were carried out using the BT-2 ancshould be measured using the identical scanning rate. Thus,
BT-9 triple-axis spectrometers. The PG 002 reflections weréor both scans the temperature step was fixed to 1 K, and at
used for both the monochromator and analyzer, and higheeach temperature we waited 2 min for temperature stabiliza-
order neutrons were eliminated by the PG filter. For isotropidion before counting for 5 min. The resulting temperature
ferromagnets, long-wavelength spin-wave excitations can bdependence of the 111 intensity is shown in Figg).1At
observed by using the powder sample in the forward direchigher temperatures, there exists a temperature-independent
tion, i.e., around the 000 reciprocal-lattice point, without lossintensity of about 2000 counts/5 min, which is attributed to
of generality?® For this type of measurement, tight horizontal the nuclear 111 reflection. As the temperature is decreased,
collimations of 20-10'-10'-20' (BT-2) or 10'-10'-10'-10' the intensity abruptly increases®490 K, indicating estab-
(BT-9) were employed to reduce the undesirable backgrountishment of the ferromagnetically ordered phase. The sharp-
from the direct beam and achieve adequate instrumentaless of the transition suggests a negligible distribution of the
resolution. The inelastic magnetic scattering intensity istransition temperatures, confirming chemical homogeneity.
strongly suppressed at the lowest temperature, compared €n the other hand for the heating runs, the magnetic intensity
that at aroundr'-=90 K, due to reduction of thermal popu- remains finite up to the slightly higher temperatufe
lation factor of spin-wave excitations in the present energy=92 K. This thermal hysteresis is clearly seen in the mag-
range E<1.5 meV). Thus, the lowest-temperature data,nified plot around the ferromagnetic transition shown in the
which were typically taken below 10 K, can be an estimateinset of Fig. 1a). By taking the center of the hysteresis loop,
of nonmagnetic scattering. The nonmagnetic scattering igve determine the Curie temperatureTgs=90(1) K for the
then subtracted from the higher-temperature data, and the=0.05 sample. The ferromagnetic transition was also
remaining intensity will be shown as inelastic magnetic scatreadily observed in resistivity measurements. Figu(p) 1
tering spectra in the following. A triple-axis spectrometershows the temperature dependence of the resistivity, in
generally has quite relaxed vertical collimations to increasavhich a sharp anomaly is seen @a£=90 K. A similar
the counting rate. This, however, gives a large resolutioranomaly was observed in the pure GoSystem atT

A. Elastic experiments
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3300 = "Cooling —e— =120 K, and was attributed to an electronic structure change
5000 | é%é?éﬁi Heating —s— 4 at the Ferm|.level _due to the-_ ferromagnetic tran3|ﬁbn.“
= as00 | 510 Shagh . Next, we investigate thg time scale_ for thermal e_thbrg—
E w00 L2 4500 . tion. For this purpose, the time _relaxatlon of the 111 |nten§|ty
2 E 4000 - was measured af. after heating from the ferromagnetic
g 3500 FZ 3500 F ‘5'5:,!. phase T=50 K) or after cooling from the paramagnetic
;»3000 g 3000 ¢ %0 phase T=120 K). Figure 1c) shows the resulting time re-
%000 12 ool olegangst " ] laxations. The origin of the horizontal axis, i.e=50, was
= £ 1500 bt a%ns& al chosen to be the time when the sample temperature became
2000 80 Teﬁgperg?ureﬁ) 100 b within T+ 3 K. The scattering intensity after coolirigeat-
1500 s . s s s ing) exhibits a monotonic increas@ecreasg which can
0 0 e be well approximated by an exponential decéayt)
=lyexp(-t/7)+C, shown by the dashed and dash-dotted
®_ lines, with the characteristic time scate=17 min. This ex-
sonof  COS, Se ponential decay is due to thermal-activation-type relaxation
between two local minima in free energy, and thus evidences
_ the first-order nature of the ferromagnetic transition. Both
§ . relaxation curves merge asymptotically after about 1 h.
G 20x107F Therefore no genuine hysteresis, i.e., true hysteresis in the
E’ asymptotic region, is observed, suggesting a rather small
g " Lax10° free-energy barrier between the paramagnetic and ferromag-
8 L ouotl L6c10" \ ) netic states in the vicinity of c. Similar behavior has been
ol ' \ A found in the colossal magnetoresistive mangarfitéEher-
L4xi0* mal relaxation behavior was also observed in the resistiv-
Wl 1A.zx1o*8.0 %50 55 0 ity r_neqsu_rements,_but no attempt was made to separate
O 5700 750 200 350 300 the mtrtln:lc relaxation effects from the thermal lag of the
apparatus.
T(K) The discontinuous nature of the ferromagnetic transition
4500 o Cooling from T= 130K —o— was prominently observed in the SANS data. Figure 2 shows
2000 Heating from T = 50K —e— | the temperature dependence of the SANS intensities inte-
2 ‘ zcooliig‘gfg‘g 212 T grated in the fourq ranges, 0.005q<0.01, 0.0kq
g 3500 ¢ "‘1‘ heat = T AR <0.015, 0.015:0<0.02, and 0.02q<0.025 A"1. These
%3000 e oo.a figures only show the magnetic scattering component; the
g mmg %::&:-&---&“1 —————— nonmagnetic background was subtracted by using the para-
e el magneticT=300 K data. Irrespective of thg ranges, the
g 000 b /,,a>«"‘® Relaxation at T = 90 K (BT7) ] scattering intensity abruptly deve!ops beldw=90 K. We .
£ also confirmed the strong relaxation effect of the SANS in-
1500 | =Ty expt-t/n+C tensity atT¢, similar to the ferromagnetic order parameter.
1000 ' , , ) , , , ) Figure 3a) shows they dependence of the SANS intensity in
0 10 20 30 40 50 60 70 80 the ferromagnetic phase measured &50 K. Theq depen-
Time (min.) dence is well reproduced by the Porod foreg ™ # at higher

q (g>0.015 A~ 1), whereas it obeys the Guinier lak{q)
. . «exp(—R2g%3) in the lowq region (@<0.006 A™1). These
FIG. 1. (a) Temperature dependence of the 111 intensity. Opery dependencies indicate that the scattering is due to ferro-
and filled circles stand for the cooling and heating runs, resloecrnagnetic domains with the length scafe~500 A Tem-

r_ivel_y. ALE?Ch temp‘?ra“;re's""e _Walite‘j 2 min f‘?fr tgmr’erat”re Ztibiberature dependence Bfobtained from the Guinier-law fit-
transiton temperaturd.— 90 K. Hysteresis effects can be clearly N9 IS shown in Fig. &). R is almost independent of
P c Y Y temperature up tdc=90 K.

feen.'(b) Temperature dr_apendence Of. the resistivity. Solid anq dot- An outstanding feature of the SANS data is an absence of
ed lines stand for cooling and heating results measured with the .. .2 . . - -
rates of 3 K/min and 6 K/min, respectively. The magnetic phaseCrltlcal ScatFerlng, a,ls, seen in Fig. 2, the SANS intensity
transition can be observed as a sharp anomaly-at90 K. Inset: above T91 IS negllg_lble in the presc_antq range @ .
magnified plot aroundrc. Some thermal irreversibility was ob- <0-04 _A ), suggesting that the energy-integrated magnetic
served around’¢ in these measurements) Time relaxation of the ~ Scattering intensity has a negligible temperature dependence
111 reflection aff =90 K=T.. Open circles are for the relaxation for T>Tc. This is in striking contrast to conventional ferro-
after cooling from the paramagnetic phase=(120 K), whereas magnets with a second-order transition, where the strongly
filled circles are for the relaxation after heating from the ferromag-temperature-dependent critical scattering of the Ornstein-
netic phase T="50 K). Dashed and dash-dotted lines are fits to theZernike form,|(q)=1/(q%+ «?) with « being inverse corre-

exponential decay(t) =I,exp(—t/7)+C. lation length, can be observed in the forward direction near
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oF 000 Maes B P S— .
. Vo 'y Q ¢ . 400 . . . .
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¢ Cooling —o— Temperature (K)
40 <$ é Heating —e— |
RN (@ 0.02<q< 0,025 A°! FIG. 3. (a) Small-a_mg!e scattering |nten5|t_y wsmeasur_ec_i al
s $§ =50 K<T.. The solid line stands for the fit to the Guinier law,
z 204 I (q)<exp(—R2g%/3), whereas the dashed line represents the fit to
Z 10} ] the Porod lawl (q)=q~*. Nonmagnetic component was subtracted
[ . .
k= ob %g § $ ¥ using the paramagneti€ =300 K data.(b) Temperature depen-
? dence of the characteristic length scBlebtained from the Guinier-
-10 ) ' : X : law fitting. R is temperature independent upTe=90 K.
0 50 100 150 200 250 300 9 P P ple

Temperature (K)

G2 T denend i _ ] &ith q=0.07 A"1. At T=80 K<T., well-defined spin-
. 2. Temperature dependence of the energy-integrated small- : ) fRin
angle magnetic scattering} integration was made fofa) 0.005 ave peaks can be seen in the neutron-energy Q0

<q<00LA% (b 001<q<0015A1 (¢ 0015 and loss E>0) sides _aE~_tO.§ meV_[Flg. 4(c)]. The two
<0.02 A1, and(d) 0.02<q<0.025 A~L. The nonmagnetic back- peaks show almost identical intensity, whereas no central

ground was subtracted using the paramagnetic data obtained at 388mp0nent can be seen arouBd-0 meV. These results

K. Open and closed circles stand for the cooling and heating run<ONfirm the validity of our background subtraction proce-

whereas dotted lines are guides for the eyes. Possible peak behavf$'€. The solid curve is the result of a resolution-convoluted

appearing just below¢ in (b)—(d) was found to be extrinsic, and l€a@st-squares fit to the model cross section, (E.The ex-

thus may be ignored. citation energy was obtained from the fitting &$-007
=0.52 meV atT=80 K, which is slightly lower than the

T. (see experiments on J¥n,O, as an exampfd). The apparent peak position. This reduction in energy represents

absence of the critical scattering, together with theth€ correction for the resolution. The inelastic spectrum at

temperature-independent domain size belbw, supports 1875 K(<Tc) is shown in Fig. 4b). As the temperature

the first-order nature of the ferromagnetic transition inP&comes closer ¢, the spin-wave peaks shift toward the
CoS, Se ;. elastic position, exhibiting spin-wave renormalization. Si-

multaneously, the peak width becomes broader, indicating
shorter lifetimes of spin-wave excitations. These features are
in qualitative agreement with the expected temperature de-
We now turn to the inelastic-scattering measurements tpendence of conventional spin waves. In addition, there ap-
explore the spin-fluctuation spectrum in Co($5eg),. A pears a quasielastic central peakTat87.5 K. It should be
number of constant scans were performed at a series ofnoted that the spectrum was measured a few hours after the
wave-vector transfersq(s) in the temperature rangd  temperature was set to 87.5 K, and thus this coexistence of
=<92.5 K. Shown in Fig. 4 are representative inelastic specthe quasielastic and spin-wave peaks cannot be a transient
tra taken at the three temperatures 80, 87.5, and 90 K effect associated with the first-order transition. Instead, ap-

B. Inelastic experiments
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FIG. 6. Temperature dependence of the spin-wave stiffness pa-
rameterD(T). D(T) exhibits a discontinuity at the ferromagnetic
transition temperatur@ =90 K, rather than decreasing smoothly

-08 -04 0 0.4 0.8 to zero atT. The solid curve is the fit td(0)(1—AT>?); fitted
Energy (meV) parameters wereD(0)=131.7+2.8 meV A’ and A=(3.6+0.3)
% 1078 (1/K>?). The dashed line represents the temperature depen-

FIG. 4. Inelastic-scattering spectra at temperatures of 80 K, 87.9ence of the mean-field magnetizatiom),¢, scaled to fit the ex-

K, and 90 K andq=0.07 A~1. Nonmagnetic scattering was sub- perimentally obtained(T).
tracted using the lowest-temperature spectrum as described in the
text. The data at 87.5 K and 90 K are shifted upward by 50 and 10$)

qounts, respectively, to increase _the visibility. The so_lld CUIVeS argiio \vere obtained assumin§=0 as shown by the solid
fits to Eq.(1) convoluted with the instrumental resolution function.

The central component coexists with the spin-wave peak3 at lines. This negligible gap energy indicates that the. Se-doped
—875K. Co(S, _,Seg), (x=0.05) compound is an excellent isotropic
(or soft) ferromagnet, similar to undoped Cp¥

pearance of the quasielastic component suggests that there 1 "€ quadratic dispersion relation enables us to express the
intrinsically exist two kinds of spin fluctuations in the vicin- (€mperature dependence of the spin-wave dispersion relation
ity of Tc. By further increasing the temperature, the quasi-2S the renormalization of the stiffiness parame€r). Fig-
elastic component dominates the magnetic fluctuations, d&'® 6 shows the temperature dependence of the stiffness pa-
exemplified by the spectrum taken®t Te=90 K shown in rameter. This can be ngl explained by the c.onve'nnonal spin-
Fig. 4(a). wave thepry for the Hel_senb_erg ferromggf’fan which two-

Let us first discuss the spin-wave excitations observed'2gnon interactions give rise to leading-order temperature
belowT¢. Figure 5 shows the spin-wave dispersion relationdePendence i (T) asT>=
measured at the three temperatufes40, 80, and 87.5 K. _ 5/
As evidenced in the figure, the excitation energy obeys the D(T)=D(0)(1-AT™). @

usual quadratic dispersion relatiéi=A +D(T)q?. We fur-  shown by the solid line in Fig. 6 is a result of fitting to Eq.
ther found that the gap is too small to be determined inthe () |t can be seen that the two-magnon interactions can ac-

count for the temperature dependence up #®B0 K

resent thermal neutron experimem<€0.04 meV); good

14

= T=40K (BT2) —o— ' (~0.9T¢). The extrapolated zer()2-temperature spin-wave

EREL: T{;fgggg% e ] stiffness isD(0)=131.72.8 meV A2, N

z | o For conventional ferromagnet®,(T) exhibits the power-

E law behavior in the critical temperature region, continuously

508} decreasing to zero fof —T.. However, as is obvious in

g 06 b Fig. 6, the presently observ&(T) does not collapse atc;

g D(T) at T=87.5K (0.97Ty) is still quite large, 91.9

o4l +1.3 meV A2, This discontinuity inD(T) at T¢ is another

E o2 b characteristic of the first-order transition in Co($Se,),.

& The discontinuity further suggests that the characteristic tem-
0 z . . . perature scal@* for the ferromagnetic interaction strength

0 0.02 0.04 0.06 0.08 0.1

is notT¢, but rather a temperature where an extrapolation of
D(T) to higher temperature becomes zero. We, thus, ex-
FIG. 5. Spin-wave excitation energy wsat the three tempera- trapolatedD(T) using the temperature dependence of the
turesT=40, 80, and 87.5 K. The solid lines represent a fit to themean-field magnetizatiofm) .,¢; this extrapolation has a less
quadratic dispersion relatid®,=D(T)qg? The absence of a signifi- theoretical rigor compared to the low-temperature extrapola-
cant gap indicates that Cp§Sg, ; is an excellent isotropic ferro- tion using Eq.(2), and thus the obtaine@* should be re-
magnet. garded as a rough estimation. The dashed line in Fig. 6 rep-

ad™
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0.5 T 0.1 . . . , r 04
T=875K & Central Peak (BT9) —o— (‘f
- _ Central Peak (BT2) —e— 1035 %
S 04| 2 T=90K ¢ ] Z o8 [ Spin Wave (BT9) —a— 2
=V Aq” fit for T = 90K data — g5 Spin Wave (BT2) —A— o3 2
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FIG. 7. q dependence of the quasielastic peak widthTat FIG. 8. Integrated intensity of the quasielastic central peak

=87.5 K<T. and 90 K=T.. Theq dependence can be explained (open and closed circleand the spin-wave peakpen and closed

by the diffusion IaWFq=Aq2 at T=90 K, while the precision of triangles. The dashed lines are guides to the eye, whereas the solid

the T=87.5 K data is not sufficient for the fitting. line stands for the properly scaled Bose temperature fector
fexp(qu/kBT)]’l. The quasielastic component starts to develop

. N . at T=85 K, where the spin-wave intensity shows a concomitant
resents(m) e with T*~113 K. We note that the obtained gecrease. AT=Te, the spectrum is dominated by the quasielastic
T* is reasonably close to that in undoped GOSlc  component, as shown in Fig(.

=122 K), suggesting that the Se doping does not signifi-
Cantly affect the EXChange interactions. It is known that the Figure 8 shows the temperature dependence of the Spin_
ratio of D(0) andkgT* gives an estimate of the magnetic wave and quasielastic peak intensity observed cat
interaction range. From the extrapolateg0) andT*, we  =0.07 A~L. The spin-wave intensities increase monotoni-
obtain D(0)/kgT* ~14 A, which is only slightly smaller cally as the temperature is raised 485 K. This increase
than the valug¢D(0)/kgTc~17 A?] for the undoped CoS  can be explained by the usual thermal populationBosé
This ratio, on the other hand, is still quite large compared tGactor of the spin-wave excitations, as shown by the solid
conventional ferromagnetic materidfspresumably reflect- |ine in the figure. However, as the quasielastic component
ing the itinerant character of the ferromagnetism instarts to develop abov&~85 K, the spin-wave intensity
Co(S-258)2. shows a rapid decrease. This suggests that the ferromagnetic
As mentioned earlier, the excitation spectrum shows afp paramagnetic transition may most likely be driven by the
abrupt development of the quasielastic componentTas abrupt development of the paramagnetic state, instead of the
— T from below, which coexists with the well-defined spin- thermal excitation of the spin waves which is the relevant
wave peakdFig. 4b)]. A quasielastic component may ap- mechanism for the conventional ferromagnets that exhibit a
pear in the vicinity ofT¢ even in conventional ferromagnets continuous, second-order transition.
due to longitudinal spin fluctuatiorfs However, the longitu-
dinal component is generally weak and broad in energy, and IV. DISCUSSION AND CONCLUSIONS
appears in the temperature region where the transverse spin
waves significantly renormalize and broaden. Consequently, The ferromagnetic transition in pure Co$as been
it typically cannot be distinguished as a peak in unpolarizedshown to be continuous(second order in several
neutron experiments; indeed, polarized neutrons are necesxperiment$®!® However, the stiffness parameté(T)
sary to detect it. Therefore, it is unlikely to ascribe the presshows an anomalously steep temperature variation near the
ently observed quasielastic component to longitudinal fluctransition temperaturg it continuously decreases foF
tuations. Shown in Fig. 7 is the dependence of the —T. as D(T)=D(0)(1—T/Tc)?, however the exponent
quasielastic peak width, at T=87.5 and 90 K. Due to the B=0.24+0.02 was significantly smaller thap=0.3645
large uncertainty of intensities around the elastic position+0.0025 expected for three-dimensional Heisenberg
the central-peak widths cannot be estimated with high preciferromagnet$’ In addition, a weak but finite central compo-
sion atT=87.5 K. Nevertheless, one can definitely see in-nent was observed in the inelastic-scattering spectrum. In the
creasing behavior i’y asq becomes largefopen circles present study, we have shown tia{T) does not collapse at
At T=90 K, the spectrum is dominated by a single quasi-T as the transition becomes clearly first order by Se doping.
elastic peak[Fig. 4a], and thus the central-peak widths This discontinuous behavior corresponds@e:0 if we in-
could be obtained easily. The resultigglependence, shown sist on the above power-law expression. Furthermore, the
by the filled circles, is reasonably approximated by the dif-quasielastic component appears much more prominently in
fusion Iawl"quq2 (solid line) with an effective diffusion the Se-doped sample. It is concluded that the anomalously
constantA =26.2+2.9 meV A2. This indicates that the cor- steepD(T) and finite quasielastic component observed in
responding spin dynamics is of the spin-diffusion type. It isundoped Cog are due to the proximity to the first-order
concluded that the quasielastic peak is reminiscence of thgansition.
high-temperature paramagnetic fluctuations. To elucidate the nature of the first-order ferromagnetic
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transition in CoS,_,Sg),, it may be worthwhile to com- the C&" ions in Co$ are in the low-spin state;, levels are
pare the present results to ferromagnetic transitions observddlly occupied, whereag, levels contain one electron per
in the optimally dopedRMnO; (R: rare-earth class of ma-  site. This electronic configuration makes “Coions Jahn-
terials, exemplified by LgCa, MnO3,2%2°Nd, .Sty MnO,;,  Teller active. Therefore, despite the absence of the tgre
and Py -St, MnO;.%° These materials are excellent isotropic magnetic moment in CgS which makes this argument
ferromagnets, but show quite different spin dynamics fromrather intuitive, we may suggest a similar lattice distortion
conventional isotropic ferromagnets. In particular, the ferro-effect in the Se-doped Co(S,Se), compound. Neither
magnetic transition is not second order but is discontinuou§tatic nor dynamic Jahn-Teller distortions have been ob-
first order, accompanied by strong relaxation effects. Th&€rved to date, and further study in this direction may be
spin-wave stiffness does not collapseTas T from below, ~ Ntrguing. _ _ _
but instead a quasielastic diffusive component develops sig- " conclusion, we have investigated the ferromagnetic
nificantly in the excitation spectrum, coexisting with the transition in Cog, ,S&), (x=0.05) using neutron scatter-
well-defined spin-wave peaks at finite energy up Te. ing. In the elastic experiments, we cqnfl_rmed the first-order
These anomalous features bear a striking resemblance to tR@ture of the transition by the discontinuity of the ferromag-
present results observed in (R(,S8),. In the doped netic order parameter and SANS intensity, accompamed by
RMnO, compounds, the coexistence of the quasielastic anthe strong relaxation effects. The |nelast|c-§catte(|ng experi-
spin-wave peaks is ascribed to a coexistence of ferromag- ents rev_eal that the Iong_—wavelength spin excitations are
netic and paramagnetic phagégherefore, a similar inho- ell explamed as conventlonal_ f_erromag_nenc_spln waves.
mogeneous mixture of the two magnetic phases may likely] "€ SPin-wave gap was negligible, evidencing that the
be realized in the Se-doped CQq(SSe), compound. In- Co(Si,_XSe()z is an excellent isotropi¢soft) ferromagnet.
deed, such an inhomogeneous mixture was inferred in th&he Stiffnéss paramet@(T) decreases modestly as the tem-
earlier NMR experiment®3! These experiments demon- perature is increased, however, it _does not collapsd as
strate the existence of two distinct Co moments in the ferro— Tc from below. Instead, the prominent development of a
magnetically ordered phase; predominant Co atoms have ofiuasielastic component was observed in the vicinitfref
dered moments of 048, whereas others are nonmagnetic.coex_'_St'”g with th_e well-defined spin-wave peaks, whose in-
The thermal variation of the bulk spontaneous magnetizatiof"Siti€s concomitantly decrease. This suggests that the fer-
for T—T¢ was mainly attributed to increasing population of romagnetic to paramagne_tlc trgnsmon is erven. by the abrupt
the nonmagnetic Co atoms, not to thermal reduction of th@PPearance of. the quaS|eI.ast|c fluctuations, mste_ad of the
ordered moment. By assuming the magnetic and nonmaéhermal excitation Qf the spin waves as for cqnvenﬂonal fer-
netic Co atoms as ones in the ferromagnetic and parama§PMadnets. A coexistence of the paramagnetic and ferromag-
netic phases, the results can be reinterpreted as the inhomidetic Phases in the vicinity of¢ is argued.
geneous mixture of the coexisting ferromagnetic and
paramagnetic phases. Moreover, phenomenological Landau
theory®*? suggests a double-well-structured free energy The work at Rutgers University and University of Mary-
with minima at(M)=0 and(M)+0, giving rise to the co- land was supported by the NSF MRSEC, Grant No. DMR
existing two phases ai:. 00-80008. The authors thank F. M. Woodward for his help in
The paramagnetic fluctuations in the dog&dnO3; com-  SANS data analysis. The stay of T.J.S. at National Institute
pounds are further related to formation of polarons originatof Standards and Technology was partly supported by the
ing from the Jahn-Teller-type lattice instability inherent in Atomic Energy Division, Ministry of Education, Culture,
the hoppingey electrons®®~%As noted in the Introduction, Sports, Science and Technology, Japan.
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